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Nonlocal effects in magnetization of high-k superconductors

V. G. Kogan, S. L. Bud’ko, I. R. Fisher, and P. C. Canfield
Ames Laboratory–DOE and Department of Physics and Astronomy, ISU, Ames, Iowa 50011

~Received 19 May 2000!

The reversible magnetizationM (T,H) in high quality single crystals of Lu(Ni12xCox)2B2C with x50
20.09 is measured in a broadT,H domain and interpreted within London theory corrected for nonlocality of
the current – vector-potential relation. Profound deviations in the data from the standard London result,M
} ln(Hc2 /H) in intermediate fieldsHc1!H!Hc2, are seen in clean samples at lowT’s. Unlike strongly
anisotropic high-Tc compounds, for nearly isotropic borocarbides this behavior cannot be attributed to fluc-
tuations of weakly interacting pancake vortices. We show that the nonlocal London model describes qualita-
tively and consistently the whole set ofM (T,H) data and, in particular, its temperature and the mean-free path
dependence. The scaling fieldH0, which arises inM5M (H/H0) due to nonlocality, is found to be nearly
proportional to the the fieldH2 at which the vortex lattice undergoes the symmetry change~the ‘‘square-to-
hex’’ transition!.
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I. INTRODUCTION AND THEORY

Magnetic properties of high-k superconductors are com
monly treated within the standard London approach. Thi
possible because the core contribution to the total energ
small relative to the magnetic and kinetic parts constitut
the London energy. Within this scheme1

M52M0 ln
hHc2

B
, M05

f0

32p2l2
. ~1!

Comparison with data shows that close toTc , h'1.2– 1.5.2,3

The constanth accommodates a number of inherent unc
tainties of the London approach, the question discus
originally by de Gennes’ group1 and in some detail in Ref. 4
First, in deriving Eq.~1! the energyF of the vortex lattice is
expressed as a logarithmically divergent sum over the re
rocal latticeG; the latter is replaced with an integral from
Gmin;2p/a with the intervortex spacinga;Af0 /B to
Gmax;2p/j where j is an effectivecore size. The diver-
gence and the cutoff atG;1/j are inherent shortcomings o
the London approach which breaks down at distances;j.
This procedure yieldsF̃5F2B2/8p5M0B ln(h8Hc2 /B),
whereh8 absorbs uncertainties in both the lower and up
integration limits. Second, the core correctionM0Bhc should
be added with an uncertain factorhc . SinceM52]F̃/]B,
one obtains Eq.~1! with h5h8 exp(hc21). One of the major
consequences of Eq.~1! is the field-independent slope

]M

] ln B
5M0 , ~2!

which does not contain the uncertainties mentioned abov
The question of validity of Eqs.~1! and ~2! at low tem-

peratures arose since they offer a simple method to ex
the penetration depthl and, in particular, to obtain a roug
estimate ofHc2 from the magnetization data at low temper
tures~whereHc2 may not be readily accessible!.

While at high temperatures, the analysis of data for
2223 and Hg-1201 based on Eq.~1! ~corrected for vortex
PRB 620163-1829/2000/62~13!/9077~6!/$15.00
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fluctuations! produced a well-behavedHc2}(Tc2T),5 the
method failed when applied to lowT’s. Extensive magneti-
zation data on Bi-2212 by Choet al.6 analyzed with the help
of either Eq. ~1! or the variational GL approach o
Hao-Clem7 have generated a nearly constantHc2(T) be-
tween 35 and 70 K, whereas the standard Helfa
Werthamer estimate predicts a reduction by a factor of 3
5.8 Similar results were reported by other groups, see, e
Refs. 9 and 10.

This difficulty motivated Kogan and Gurevich to revie
the microscopic derivation of the London equations and
obtain corrections due to the basic nonlocality of the relat
between current density and the vector potential.4 We outline
relevant features of this work below and develop it furth
paying special attention to the impurity dependence at
temperatures.

Employing the ‘‘nonlocal London’’ approach in a mann
similar to the derivation of Eq.~1! one obtains4

2
M

M0
5 lnS H0

B
11D1

B

H01B
1z~T!, ~3!

z5hc212 lnS H0

h8Hc2

11D , ~4!

where we have deliberately separated the field-indepen
quantityz which slowly decreases with temperature. In a
situation whenH0@Hc2 ~and thereforeH0@B), this result
reduces to the standard Eq.~1!; it is shown in the following
that this happens asT→Tc and with increasing scattering a
all T’s. The field scale

H05
h* f0

4p2R 2
; R 25

p2

20
j0

2g~T,l !, ~5!

where R is the ‘‘nonlocality range’’11 and j0 is the BCS
zero-T coherence length. The prefactorh* depends on the
vortex lattice structure and on the choice of the lower lim
Gmin in the integral over the reciprocal space. Physically,H0
is related to the nonlocality range similar to the way in whi
9077 ©2000 The American Physical Society
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9078 PRB 62KOGAN, BUD’KO, FISHER, AND CANFIELD
Hc1 andHc2 are related tol andj. It is worth mentioning
that as derived the nonlocal corrections to London equat
make sense only for materials with largek. For k;1, there
is no field range where intervortex spacing exceeds subs
tially the core sizej(T), in other words, there is no domai
where the corrections due to nonlocality can be separ
from those due to spatial variations of the order paramet

The temperature and mean-free path dependent qua
g(T,l ) is defined as

g5D2~0!( b22b1
23/( b22b1

21 , ~6!

where the sum is over the Matsubara frequencies\v
5pT(2n11), b25D21\2v2, b15b1\/2t, andt is the
scattering time by nonmagnetic impurities. This quantity h
been calculated numerically in Ref. 4 for the tw
dimensional~2D! case~proper for the strongly anisotropi
layered compounds!. For the 3D situation, this was done
Ref.11; in the clean limitg52/3 atT50 and drops to'0.30
at Tc . Electron scattering suppressesg; in the dirty limit g
→ l 2/j0

2→0, i.e., nonlocal effects vanish. Thus in the cle
caseR;j0, and decreases slowly with temperature rema
ing finite even atTc . Consequently, the fieldH0 is of the
order of Hc2(0) at low T’s and increasesslowly with T
reaching atTc a value greater thanH0(0). In thedirty limit,
R; l , so thatH0@Hc2 even atT50 and so it remains at al
T’s.

At T50, the sums in Eq.~6! can be replaced with inte
grals according to 2pT(→*0

`d(\v). It is readily shown
that

g~0!5
I 9~a!

2I ~a!
, I 5E

0

` dx

~11x2!~A11x21a!
, ~7!

wherea5\v/2D l 5pj0/2l . The integral is

I 5
p

2a
2

2

aA12a2
tan21A12a

11a
, a,1, ~8!

I 5
p

2a
2

1

aAa221
ln

a111Aa221

a112Aa221
, a.1. ~9!

We will not write down cumbersome expressions forg(0,l ).
Instead, we provide a simple polynomial approximation
the interval 0<a<10:

g21~0,l !'1.5~112.034a10.717a2! ~10!

with a better that 1% accuracy, see Fig. 1.
This yields

H0~0,l !'
15h* f0

2p4j0
2 S 113.194

j0

l
11.126

j0
2

l 2 D . ~11!

As expected,H0 increases with ‘‘impurity parameter’’j0 / l .
The increase ofH0 is faster than that ofHc2: the latter can be
estimated usingHc2'Hck}1/x(a) ~see, e.g., Ref. 12!
where the Gor’kov function
s

n-

ed
.

tity

s

-

x5
8

7z~3! (
D3

b2b1

'
1

110.9a
. ~12!

Coming back to Eq.~3!, we observe that the fieldB enters
M in the combinationB/H0 instead of the standard Londo
or GL ratioB/Hc2. The fieldH0 of a given sample increase
with T; at a givenT, H0 of a set of samples increases fa
with shorter mean-free pathl. We also note that instead o
the standard slope~2! we have now

]M

] ln B
5

M0

~11B/H0!2
, ~13!

i.e., the slope]M /] ln B decreaseswith B.
It is worth recalling that in the linear domain nearHc2(T)

where 4pM'(B2Hc2)/2k2
2 for large k ’s ~see, e.g., Ref.

12!, we have

]M

] ln B
5B

]M

]B
'

B

8pk2
2

, ~14!

i.e., here the slope]M /] ln B increaseswith B @k2(T)5k at
T5Tc and increases with lowering the temperature, see, e
Ref. 12#.

As we have mentioned, interpretation of the magneti
tion data for strongly anisotropic compounds~Bi-2212, Tl-
2212, Hg-1201! on the basis of Eq.~3! was reasonably
successful.4 Nevertheless, the evidence in favor of nonloc
ity as the reason for deviation inM (T,H) from the standard
London behavior was incomplete. The point was that
strongly anisotropic layered compounds, the thermal fluct
tions in vortex positions dominate magnetization at hi
temperatures. Moreover, it has been argued by Bulaev
et al. that the quantum fluctuations of weakly interacting 2
pancakevortices at low temperatures may well account f
the observed deviations in slopes]M /] ln B from the Lon-
don prediction~2!.13

Convincing indications that the nonlocal corrections
London indeed describe the vortex physics in high-k mate-
rials came after the problem of vortex lattices in boroc
bides has been addressed experimentally and theoretic

FIG. 1. The dots are calculated using Eqs.~7!, ~8!, and ~9!,
whereas the solid line shows the polynomial of Eq.~10!.
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PRB 62 9079NONLOCAL EFFECTS IN MAGNETIZATION OF HIGH-k . . .
The small-angle-neutron scattering experiments~SANS! on
large high quality single crystals revealed that in increas
fields, the flux-line lattice may undergo structural transiti
~from triangular to square arrangement!.14 These results were
confirmed and extended at Argonne,15 Oak Ridge,16 and
Grenoble.17 By and large the theoretical predictions based
the nonlocal London description were confirmed.18–20

Further support to the idea of nonlocality as respons
for the ‘‘hex-to-square’’ transition came in recent SANS e
periments done on a series of Lu(Ni12xCox)2B2C crystals
prepared in Ames for the purpose of studying the mean-
path dependence of this transition.21,22The results confirmed
the theoretical prediction for the transition field to increa
with decreasing mean-free pathl.

II. EXPERIMENT

As far as magnetization of borocarbides is concern
Song et al.23 applied the nonlocal analysis to the data
YNi2B2C. Here we report the magnetization data on
same Lu(Ni12xCox)2B2C samples which were used for th
SANS experiment.21 Single crystals of this compound wer
grown from the (Ni12xCox)2B flux, in a manner similar to
the growth of other borocarbide crystals, for details see R

FIG. 2. Magnetization versus field for three samples
Lu(Ni12xCox)2B2C with x50,0.03 and 0.09.
g

n

e

e

e

d,

e

f.

22 and references therein. Magnetization measurements
performed on a Quantum Design MPMS-5 superconduc
quantum interference device~SQUID! magnetometer with
the applied magnetic field parallel to thec axis of the crys-
tals. For each temperature,M (H) data were taken in increas
ing and decreasing field to ensure that only the revers
part of the data enters our analysis.

Figure 2 shows the reversible part of theM (B) data on a
semilog scale. On the bottom panel for the Co-free sam
one clearly sees deviations from the standard London lo
rithmic behavior; the deviations decrease with increas
temperature. On the middle panel (x50.03) one sees that th
standard London behavior occupies a broader part of
phase diagram and wins completely in the crystal withx
50.09, the top panel.

It is worth noting that forx50.09, the isothermsM (ln B)
at high temperatures even acquire a positive curvature
other words, the slope]M /](ln B) increases withB thus sig-
naling the crossover from the London to the linear regi
nearHc2. We estimate from the plot]M /]B'1.131024 at
the high field end of the 6-K isotherm. Using the slope~14!
we obtaink2'20. This is an upper bound onk because
k2(T) being equal tok at Tc'9.5 K increases withT.

In Fig. 3 we give a typical example of the fitting proce
dure. The circles are the data and the solid line is the fi
M (B) given in Eq. ~3!. We treatM0 ,H0 and z as fitting
parameters shown in the inset. The quality of the fit is u
ally high, but deteriorates at highT’s and for largex’s where
the data approach the standard London limit. As is seen f
Eqs. ~3! and ~4!, when H0@Hc2 the parameterH0 drops
from the sum of two logarithmic terms. In the numeric
procedure, this translates in exceedingly shallow mini
with respect to the fitting parameterH0 and causes numerica
errors to increase. Value ofM0 obtained from the fit yields
the penetration depthl'1000 Å atT52 K.

Figure 4 summarizes the temperature behavior of the
rametersM0 andH0 for samples withx50,0.015,0.03. We
see thatM0}1/l2 decreases withT—as it should—and ex-
trapolates to zero near the correspondingTc shown by black

f

FIG. 3. A typical example of the fitting procedure. Open do
are the magnetization isotherm for LuNi2B2C at 2 K. The solid line
is calculated with the help of Eq.~3! with fitting parameters shown
in the inset.



y
e

ar

g.
in

o

l,

d
al

n
f-

of

een
T

i-

t

t

s
re

l

9080 PRB 62KOGAN, BUD’KO, FISHER, AND CANFIELD
symbols at theT axis. It is tempting to interpret the nearl
linearT dependence ofl22 at low temperatures as evidenc
for an unconventional order parameter symmetry. We
however, reluctant to claim thatl22, which is obtained from
a three-parameter fit of relatively featureless data, see Fi
is accurate enough to support such a claim without fall
into a danger of overinterpretation.

The field H0 increases withT as expected according t
Eq. ~5!. Numerical estimates ofg(T) show that even in the
clean limit, the relative increase ofH0 should not exceed
@H0(Tc)2H0(0)#/H0(0);1. As is seen on the upper pane
this upper bound is compatible withH0(T) for x50 andx
50.015, but is clearly violated forx50.03. The exaggerate
increase ofH0 at high-T edge is related to the numeric
instability discussed above: as is seen at Fig. 2, atT58 K
M (B) is very close to London behaviorM} ln(Hc2 /B).

ParametersH0 needed to fit the data to Eq.~3! at the
lowest temperature of the experiment~2 K! are collected in
Table I. We also showTc determined from the magnetizatio
data, the residual resistivitiesr0, and the specific-heat coe
ficient ge which are needed for estimates ofl andj0.

The undoped LuNi2B2C is known to have a sharp peak

FIG. 4. ParametersM0 andH0 obtained with the help of Eq.~3!
to fit the data for Lu(Ni12xCox)2B2C with x50, 0.015, and 0.03.
At the lower panel forM0, two last points at the high-temperatu
side are obtained using the standard London Eq.~1!. The black
symbols at theT axis show the correspondingTc’s.
e,

3,
g

the density of statesN(0) close to the Fermi level.24 To have
realistic estimates of quantities depending onN(0), wehave
measured the electronic specific-heat coefficientge for the
Co-doped crystals, in which the superconductivity has b
suppressed by application of high magnetic field up to 9
@ge should not be confused with the functiong(T,l ) of Eqs.
~5! and~6!#. As is shown in Fig. 5, the data are well approx
mated by

ge5~19.7233.6x275.7x2!
mJ

mol K2
, ~15!

where x is the Co content. The suppression ofge and a
corresponding reduction inN(0) are in qualitative agreemen
with the suppression ofTc .

We observe thatge(x53%) differs fromge(x50) by a
mere 5%, so that we do not expect much of a change invF
for the samples studied here. This, in turn, suggests thaj0
}vF /Tc and the mean free pathl 53/2r0e2N(0)vF should
roughly scale as 1/Tc and 1/r0, respectively. Then, the ratio
j0 / l which enter the expression~11! for H0 are related to
each other:

j0~x!

l ~x! Y j0~0!

l ~0!
'

Tc~0!

Tc~x!

r~x!

r~0!
. ~16!

TABLE I. H0 is obtained fitting theM (H) data at 2 K to Eq.
~3!; r0 is given inmV cm andge in mJ/K2 mol. The line ‘‘64% Y’’
is for Y0.64Lu0.36Ni2B2C; H0 is obtained in this work,H2 by SANS
~Ref. 27!. ‘‘100% Y’’ stands for YNi2B2C ~Refs. 23, 17, and 30!.

x% Co Tc , K r0 ge H0 , T H2, kG H0 /H2

0. 16.0 1.5 19.7 4.3 2 - 2.5 17 - 22
1.5 15.0 4.2 19.2 5.2 3 17
3.0 14.2 5.7 18.6 8.0 4.9 16

64% Y 15.0 4.4 19.8 4.9 3 - 3.5 14 - 16
100% Y ;15 4 19.8 5.2 2 - 2.5 21 - 26

FIG. 5. The specific-heat coefficientge as a function of Co
contentx for Lu(Ni12xCox)2B2C. The dashed line is a polynomia
fit of the data, Eq.~15!.
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PRB 62 9081NONLOCAL EFFECTS IN MAGNETIZATION OF HIGH-k . . .
Using Tc’s and r0’s of Table I we evaluate this ratio forx
53% as 4.28.

As the next step, we write

H0~x!

H0~0!
5

j0
2~0!

j0
2~x!

g~0!

g~x!
'

Tc
2~x!

Tc
2~0!

g~0!

g~x!
, ~17!

whereg ’s depend on the ratiosj0 / l . We now takeH0’s and
Tc’s from Table I for x50.03 andx50, and substitute
(j0 / l )0.0354.28(j0 / l )0 to obtain Eq.~17! with a single un-
known parameter (j0 / l )0. The equation is readily solve
with the result (j0 / l )050.13, which corresponds to the Co
free sample being a rather clean superconductor. Equa
~11! then yieldsj0(0)'70 Å, where we set the paramet
h* 51. This estimate is close to that obtained from t
SANS data25 and implies that the zero-temperature upp
critical field for the Co-free sample should be about 6
which is close to the measured value.26

III. DISCUSSION

Thus all qualitative features ofM (H,T) predicted by the
nonlocal London model are clearly seen in our data: the
viations in the slopedM/d ln B from the standard London
constant at low temperatures in clean samples and its
dependence, the standard London behavior of dirty sam
at all temperatures, and the correct qualitative behavior o
fitting parameters. In order to demonstrate that the obse
behavior ofM (H,T) is generic for high-k superconductors
and is not related to a particular system, we have prepar
crystal with nominally 50 of Lu being substituted with
~actually Y0.64Lu0.36Ni2B2C as determined by microprob
analysis!. This crystal turned out to haveTc515.0 K and the
residual resistivityr54.4 mV cm, in other words, its super
conducting properties are expected to be similar to thos
the Co-doped crystal withx51.5%, see Table I. Figure 6
shows this remarkable similarity.

As mentioned above, the transition from a square
rhombic cell in the vortex lattice at a fieldH2 is another
major manifestation of nonlocality. We collect the data
H2 in Table I for materials with available estimates ofH0
~the data are taken from Ref. 27 for a Co-free LuNi2B2C and
for Y0.64Lu0.36Ni2B2C, from Ref. 21 for Lu(Ni12xCox)2B2C
with x51.5% and 3%; other sources are indicated in
table caption!. We observe that the fieldH05f0/4p2R 2 ex-
tracted from the magnetization andH25f0 /a2 (a2 is the
intervortex spacing at the transition! are nearly proportional
Given relatively large error bars and uncertainties in the d
the ratioH0 /H2 is approximately the same ('18) through-
out Table I. This means that for the materials of Table I,

H2

H0
5

4p2R 2

a2 '
1

18
, ~18!

or that at the transition

R'0.04a. ~19!

In other words, the square-to-rhombus transition happ
when the nonlocality rangeR reaches a certain fraction o
the intervortex distance. This conjecture~reminiscent of the
Lindemann criterion for melting! provides a useful relation
on

r
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e-

ld
es
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ed

a
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o

e

a,

ns

between two at first sight unrelated phenomena: the ma
scopic magnetization~in which the transition atH2 has not
been seen! and the ‘‘microscopic’’ structural transition in th
vortex lattice. Physically, this criterion can be justified qua
tatively by estimating the reduction in the vortex lattice e
ergy due to the nonlocal corrections and equating it to
lattice shear energy.

Finally, we should comment on a sizable difference
estimates ofj0 / l of this work and of Ref. 22; in the latte
these ratios are an order of magnitude larger. In the anal
of this work, we do not use a particular value for the~aver-
age! Fermi velocity vF . With j0570 Å, the free-electron
relationj050.57\vF /pTc yieldsvF'0.93107 cm/s for the
Co-free sample, whereas the band structure calculations
^vF

2&1/2 by a factor of 2 or 3 larger.20,24As a consequence, th
procedure of Ref. 22 which uses the band structure value
vF gives higher estimates forj0 and lower for l ’s. This
yields a factor of 7 in the ratiosj0 / l ~although preserves
about the same relative increase of the ratios when one
from the Co-free sample to higher doping levels!. It is quite
possible that having a complex Fermi surface~made of iso-
lated pockets24,28!, the borocarbides are in a sense ‘‘unco
ventional’’ even if the superconductivity in them is due
the standard electron-phonon interaction.29 The estimates
based on the free-electron scheme of a metal are nothing
a ‘‘Procrustean’’ stretch, so that one should not expect m
than a qualitative agreement to be demonstrated.

FIG. 6. Magnetization versus field at temperatures indicated
Lu(Ni0.985Co0.015)2B2C and Y0.64Lu0.36Ni2B2C.



it
e-
r

ng
n
th
,
to
tu
ng
p

e
ali

rials

be-
of
atial
ise
a-

M.
bo-
ity
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We conclude with the notion that borocarbides are qu
unique as a system for studying the mixed state of typ
superconductors. The materials are almost isotropic as fa
superconducting characteristics such asl and j are con-
cerned. They have relatively large GL parameterk even in
clean crystalline samples along with a very weak pinni
These features allow one to study reversible magnetizatio
a broad range of temperatures and fields. The only o
example of such a system is that of high-Tc superconductors
majority of which are strongly anisotropic, in fact, close
being two dimensional. This makes the thermal and quan
fluctuations into a factor to reckon with when consideri
magnetic properties of the mixed state. Less anisotro
members of the high-Tc family such as YBCO have only a
narrow domain of the (H,T) diagram near the transition lin
where the magnetization is reversible even in the best qu
ev

u,

o
h

l-

, E
ler

ew
o

,

.

P
S.
an

-
y

e
II
as

.
in
er

m

ic

ty

single crystals. On the other hand, the conventional mate
like Nb have usually lowk ’s. Then, it is difficult to study the
vortex phase theoretically because nearly at all fields
tweenHc1 andHc2, the intervortex spacing is on the order
the coherence length, and one cannot neglect the sp
variations of the order parameter. Impurities, of course, ra
thek, but in conventional materials this is usually accomp
nied by a considerable pinning and irreversibility.
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